The Hox gene clusters of gnathostomes have a strong tendency to exclude repetitive DNA elements. In contrast, no such trend can be found in the Hox gene clusters of protostomes. Repeats "invade" the gnathostome Hox clusters from the 5' and 3' ends while the core of the clusters remains virtually free of repetitive DNA.
Introduction
The Hox genes code for homeodomain containing transcription factors that are essential for embryonic patterning (McGinnis and Krumlauf, 1992) . In many species they are organized in tightly linked clusters although in some cases the clusters have been broken up, see Tab. 1.
The homology of the vertebrate Hox genes with the genes in the Drosophila homeotic gene clusters was demonstrated already a decade ago (Akam, 1989; Schubert et al., 1993) . The common ancestor of all recent gnathostomes (sharks, bony fish, and tetrapods) had four clusters homologous to the mammalian ones (Holland and Garcia-Fernández, 1996; Prohaska et al., 2003a) . The two agnathan lineages, lampreys and hagfish, also exhibit multiple Hox clusters which, however, arose through duplication events independent of those leading to the mammalian clusters (Irvine et al., 2002; Force et al., 2002; Fried et al., 2003; Stadler et al., 2003) . In contrast, protostomes and invertebrate deuterostomes (echinodermata, hemichordata, urochordata, and cephalochordata) have a single cluster (Martinez et al., 1999; Pendleton et al., 1993; Dehal et al., 2002; Garcia-Fernández and Holland, 1994) . Powers, pers. comm. (2003) , see also Koh et al. (2003) The most striking difference between the Hox-cluster of Drosophila melanogaster and Hox-clusters of the gnathostomes is the fact that in the fly tandem duplications of of Hox genes and even non-Hox -genes are interspersed in the cluster (von Allmen et al., 1996; Adams et al., 2000; Negre et al., 2003) . While invertebrates have Hox-clusters with large intergenic distances that vary considerable among different species, one observes highly conserved distances between orthologous Hox genes in species as different as humans and sharks, see Table 1 for a summary and references. These facts suggest that the gnathostome Hox clusters have to satisfy much tighter organizational constraints than their invertebrate counterparts.
In order to corroborate this hypothesis we investigate here the distribution of repetitive DNA elements within and in the vicinity of Hox clusters. It has been mentioned in passing in the literature that repetitive DNA elements are depleted in the contiguous vertebrate Hox clusters (Hart et al., 1987; Kim et al., 2000; Wagner et al., 2003) . On the other hand, transposable elements have been reported close to Hox genes in organisms with fragmented Hox clusters: The Pm18 fragment of the lamprey Petromyzon marinus around the HoxW10a contains a Tcl-like transposon. A reverse transcriptase gene has been predicted close to the Hox-1 gene in the Ciona intestinalis genome ). An enhanced frequency of transposon-mediated inversions in Drosophila was proposed as a possible cause for the fragmentation of the Drosophila Hox-cluster (Lewis et al., 2003) .
If gnathostome Hox clusters are indeed constrained to maintaining intergenic distances there should be a selection pressure against the invasion of repetitive DNA elements. A second argument for the exclusion of mobile DNA elements is based on their regulatory activities. Alu elements, for instance, often function as RNA polymerase III promotors. In some cases the regulatory abilities of mobile DNA elements are used by the host and are now central in control/enhancement of transcription (Britten, 1996; Stenger et al., 2001) . In general, however, we can expect that any interference with the the crossregulatory network of a Hox cluster will be detrimental to its function. Hence there should be a strong selection pressure against mobile DNA elements in gene clusters with a high degree of cross regulation and small intergenic distances.
We therefore expect to observe a reduced density of repeats within the Hox clusters. We will show here that this is indeed the case in gnathostomes.
Methods
Hox cluster sequences were retrieved from Genbank for Homo sapiens, Mus musculus, Rattus norvegicus, Polypterus senegalus, Morone saxatilis, Drosophila melanogaster, Anopheles gambiae and Caenorhabditis elegans. The sequences Takifugu rubripes were taken from web server of the Fugu Genome Project 1 , the Danio rerio sequences are taken from the web server of the Danio rerio Sequencing Project 2 and Genbank. The sequences for the latter two organism are identical to those use in (Prohaska et al., 2003b) for the analysis of phylogenetic footprints. Accession numbers are listed in the appendix.
Repetitive elements within Hox cluster sequences and in the adjacent 100kb segments of genomic DNA were determined by means of the censor server 3 web interface using repbase 8.9 database (Jurka et al., 1996; Jurka, 2000) . Similar results, albeit with a significantly smaller number of detected repetitive elements, were obtained using repeat masker based on repbase 7.4 4 A graphical representation of the repeat distribution in a few Hox clusters is given in Fig. 1 .
We report here both numbers n and total lengths L of repetitive elements. We define the "inside" of a Hox cluster as the intergenic regions between the most 5' and the most 3' Hox gene of the cluster. In the case of the fragmented clusters of Drosophila melanogaster and Caenorhabditis elegans we use all intergenic regions adjacent to a Hox gene. For comparison we use the genomic DNA adjacent to the Hox clusters in order to account for potential large scale variations in repeat densities. Data are normalized by the length of the analyzed sequence. The significance of the estimates for n is estimated assuming a Poisson distribution of repeats. The variance of the total length of repetitive sequences, σ L , can then be estimated by
whereL and σ L are the mean and standard deviations of the distribution length distribution of the repeats. 
Results
Number and length densities of repetitive elements for the Hox clusters are compiled in Table 2 . We find that the repeat densities are 1-2 orders of magnitude smaller in gnathostome A, C, and D clusters. Surprisingly, in mammalian B clusters the reduction is only about 20-30%. When the intergenic region between the Hox-B13 gene and its downstream neighbor is excluded, however, the ratio increases dramatically. The available sequence of the Danio rerio Ba : fraction of the mammalian B-cluster (teleost Ba-cluster) from Hox9 to the cluster-end only, the region from HoxB13 to HoxB9 is treated as an "outside" sequence. The shark (Hf) clusters have been analyzed with the human (:h) and zebrafish (:z) repeat databases. For Ce' we count only the sequences between the cluster fragments as "outside" sequence.
cluster is incomplete, spanning only the region from Hox-B9 to Hox-B1.
The genome of the pufferfish Takifugu rubripes contains only a very few repetitive elements; this fact was one of the reasons to select the pufferfish for a genome sequencing project (Aparicio et al., 2002) . Our data (not shown) are consistent with a reduced density of repeats also in the pufferfish. No repetitive elements were found in the Hox-A10 to Hox-A4 region of the striped bass Morone saxatilis sequences by Snell et al. (1999) . For the bichir Polypterus senegalus, a basal actinopterygian fish, only the (unduplicated) HoxA cluster is available at present . Exclusion of repeats is clearly demonstrated. No dedicated data set of repetitive DNA is available for the hornshark Heterodontus francisci ; we therefore analyze the repeats that match repeats from human or zebrafish. With both data sets we find an at least five-fold reduction of the repeat density within the HoxM and HoxN clusters, which are homologous to the mammalian HoxA and HoxD clusters, respectively. All available data thus show unambiguously that repetitive DNA is strongly excluded from the Hox clusters of gnathostomes.
In contrast, no significant exclusion of repeats has been detected in protostomes. The two insect sequences, Drosophila melanogaster and Anopheles gambiae even exhibit an over-representation of repetitive DNA within the cluster, while the reduction in the fraction of repetitive sequence in Caenorhabditis elegans is less than a factor of two.
In order to further characterize the distribution of repetitive elements within the gnathostome Hox cluster we analyzed each intergenic region separately. The corresponding data for the fraction of repetitive sequence are summarized in Figure 2 . The most striking fact is that the density of repeats in the intergenic regions between Hox-B13 and Hox-B9 is almost the same as in the regions adjacent to the cluster. The "invasion" of repetitive elements also clearly visible at the 5'-end of the Hox-A and the 3'-side of the Hox-C and Hox-D clusters. It is interesting to note that there seems to be more inclusters repeats in zebrafish sequences than in mammals. The central regions of the gnathostome Hox clusters, however, are almost entirely free of repetitive DNA sequences. In contrast, the protostome sequences do not exhibit virtually repeat-free regions.
In the clusters with highly reduced repeat density the repeats are also shorter. Figure 3 shows the ratio of total length of repetitive sequence inside and adjacent to the clusters is even smaller than the number densities, an effect that becomes more pronounced in clusters that exclude repeats more efficiently. This implies that selection pressure to exclude repetitive sequence also leads to a reduction in the length of the remaining repetitive elements.
The pressure against repetitive DNA does not distinguish significantly between different types of repeats. While the relative abundance of ALUs, non-ALU SINEs, LINEs, DNA transposons, and LTRs that are detected by censor differs widely between the different species considered here, there are only small variations between different regions in the same species. 
Discussion
We have shown here that repetitive sequence elements are strongly excluded from gnathostome Hox clusters, while no such effect is detectable in protostomes. In the gnathostome Hox clusters we find that repetitive elements predominately accumulates in regions where Hox genes have been lost: the IGR between HoxB13 and HoxB9, the 3' end of the HoxC and HoxD clusters. The HoxAb and HoxBb clusters of the zebrafish show this effect quite dramatically, Figure 2 . Scemama et al. (2002) reported the invasion of repetitive sequence in the HoxB3 -HoxB2 region of the striped bass Morone saxatilis while the corresponding regions of the zebrafish is virtually repeat free. It is likely that the duplication of the Hox clusters in teleost fishes reduced the constraints on the structural integrity of cluster, thereby allowing repetitive elements to accumulate in the intergenic regions. More data will be necessary, however, to determine whether the slow disintegration of the clusters is an ongoing process.
The exclusion of repeats appears to be independent of the type of the repetitive elements. Furthermore, the few repeats that have invaded the "core" of a Hox are reduced in length.
A plausible explanation for these finding is that the selection against repeats is a consequence of the need to maintain intergenic distances within narrow bounds. This in turn can be explained by the the high density of regulatory sequence motifs that are located in the intergenic regions of Hox clusters Santini et al., 2003; Prohaska et al., 2003b,a; Chiu et al., 2003) . The activity of regulatory sequences depends on their exact distance from the the transcription start and from other regulatory sequences. Hence insertions should be selected against in most parts of the Hox cluster. Loss of genes from within the clusters would reduce the on length conservation in the vicinity of the deletion since most of regulatory sequence elements in this region will become non-functional as a consequence. As a consequence, there might be less resistance to the invasion of repetitive elements in such a region. This model is consistent with the distribution of repeats within mammalian clusters and explains the fact that the zebrafish Hox clusters are less efficient in excluding repeats: subsequent to the last duplication events a large number of genes were lost.
Our analysis suggests that the exclusion of repetitive sequence elements from Hox clusters may in fact be a gnathostome innovation since a significant reduction of repetitive sequences can be observed only in gnathostome lineages. The three available protostome Hox clusters do not exclude repetitive sequences. The lower deuterostomes seem to have a tendency toward fragmented Hox clusters, as exemplified by lampreys (Irvine et al., 2002) and tunicates Spagnuolo et al., 2003) . Even when the clusters are contiguous, as in amphioxus (Garcia-Fernández and Holland, 1994) and in sea urchins (Martinez et al., 1999) , they are comparable in length to the protostome rather than gnathostome Hox clusters. The question when exactly in early chordate evolution the organizational constraints on the Hox clusters tightened will be answered only when the complete sequences for amphioxus and the sea urchin Hox clusters become available.
